Simple multiband planar antenna for wireless communication applications is presented. The proposed antenna performs four resonant modes covering multibands of wireless standards, including LTE 700, GSM, DCS, PCS, UMTS, and LTE 2300/2500. Furthermore, it covers the ISM, WiMAX, and the WLAN bands. The geometry of the proposed antenna consists of a single FR4 substrate where an open cavity fed by a coplanar U-shaped monopole is etched on one side and a short-circuited meander line in the opposite side. The cavity by its nature supports a wide range of higher frequencies, while its boundary that consists of a thin monopole resonates at 900 MHz. The meander line in the opposite side supports the LTE 700 band. The operating bands ranges are (680-748 MHz), (870-960 MHZ), (1.36-1.59 GHz), and (1.71-2.56 GHz). The antenna size is 30 × 18 × 0.8 mm 3 . The antenna not only has a compact size but also supports a low SAR radiation at all the operating frequencies. The proposed antenna is tested using the four recommended test positions of the CTIA association where the proposed antenna reveals good performance in all test cases in the presence of handset (keypad, battery, speaker camera, RF circuit, and LCD) in talking position, and in standby position.
Introduction
With the vast increase of mobile services and with the introduction of compact electronics, there is a great demand for developing new low specific absorption rate (SAR) antenna with compact size that is compatible with the compact electronic components sizes. Also, the future development of the personal communication devices will aim to provide image, voice, and data communication at any time. This indicates that mobile devices are required to support different technologies and operate in different frequency bands. So, the LTE (long term evolution) is a new high-performance air interface standard for cellular mobile communication systems. It is the 4th generation (4G) of radio technologies to increase the capacity and speed of mobile telephone networks [1, 2] .
Several studies have been performed to produce an antenna structure able to satisfy the demands of low SAR compact multiband antenna for use in hand-held devices [2] [3] [4] [5] [6] [7] . Miniaturisation techniques with control circuits were introduced [3] [4] [5] [6] ; however, they had problems such as low antenna efficiency because of insertion loss in lumped elements, as well as an increased cost. Multilayer has been used for the multiband antenna method; however, they have certain disadvantages that cause high loss as well as high cost.
In order to include LTE bands, Guo et al. [5] introduced a new compact multiband antenna to cover GSM 900, DCS 1800, PCS 1900, UMTS 2100, and some LTE bands (FDD-LTE bands 1-6 and 8-10 and TDD-LTE bands 19, 20, and 33-37) with dimensions of 50 × 15 × 4 mm 3 . Also, Chen and Jhang [6] introduced a compact multiband antenna that consists of a direct-fed monopole with a chip inductor, a grounded strip, and a coupled-fed monopole with a distributed inductor and dimensions of 75 × 10 × 0.8 mm 3 . Recently, Elsheakh and Abdallah [8] introduced a new compact multiband printed inverted-F antenna (IFAs) with dimensions 35 × 45 mm 2 which covers GSM, LTE, UMTS, Bluetooth, and WLAN (at −6 dB).
In this paper, a new compact size, single layer planar antenna, is proposed. The new antenna has dimensions of 2 International Journal of Antennas and Propagation 
Antenna Design
The proposed antenna is a planar microstrip antenna with compact dimensions of (30 × 18 × 0.8) mm 3 . So, the antenna can be easily integrated in small and sleek mobile device. Figure 1 shows the geometry of the proposed antenna. All the labeled dimensions are tabulated in Table 1 . The proposed antenna is designed over FR4 substrate ( r = 4.5) with 0.8 mm thickness and loss tangent of 0.025.
The antenna is composed of an open cavity excited by a U-shaped monopole fed in a coplanar way. The electrical length of the monopole is a quarter-wavelength at 2.1 GHz. The cavity radiates in the range from 1.71 GHz to 2.5 GHz. In order to support the GSM 900 application, the arm length of the cavity is designed to resonate at 900 MHz. The most challenging resonance is the LTE 700 which necessitates a long branch that consumes more area of the antenna. In order to overcome this problem a meander line is etched on the opposite side of the antenna where it is fed by aperture coupling. The meander line has the advantage of having long length in a very small area but at the expense of its high impedance which complicates the matching. This problem is solved by ending the meander line by a rectangular conducting slab connected to the ground. Compared to the 3D structure of the PIFA antennas, the proposed antenna is via free antenna and has a simple structure that effectively reduces the manufacturing costs and complexity. A prototype of the antenna is fabricated as shown in Figure 2 .
The proposed antenna was simulated using the CST Microwave Studio 2012. Figure 3 shows a comparison between the simulated and measured results of the reflection coefficient. The simulated and the experimental results ensure that the antenna covers all the aforementioned mobile and wireless applications bands. Taking the 6 dB return loss as a reference, the antenna operates in the four bands (680-748 MHz), (870-960 MHZ), (1.36-1.59 GHz), and (1.71-2.56 GHz) to cover GSM 900, DCS 1800, PCS 1900, UMTS 2100, ISM 2450, most LTE bands, WLAN, Bluetooth, and Wi-Fi. The ground plane on the lower part of PCB has an area of 30 × 50 mm 2 , representing a typical system board of mobile terminals. The ground plane below the radiator is removed for coupling between the radiator and the meander line. The effect of ground plane is taken into consideration as shown in Figure 4 . It is noticed that the length of ground plane affects the matching slightly. Figure 5 shows the measured and simulated radiation patterns at frequencies 0.9, 1.8, and 2.1 GHz in free space. Radiation pattern measurements were carried out using SATIMO Anechoic antenna chamber where the available frequency range starts from 0.8 GHz. Table 2 shows the values of gain and radiation efficiency of the proposed antenna. It is worth illustrating the degradation of the radiation pattern in presence of the human body model. As shown in Figure 6 , the simulated radiation in the presence of the human body is directed away from the human body due to the high reflection of the head materials. Thus, the nature of the human body itself contributes to lowering the SAR within the human body.
Handset Modeling
The smart phone has a number of components besides the system circuit board and the antenna. Figure 7 shows mobile Samsung Galaxy SIII with standard dimensions (136.6 × 70.6 × 8.6 mm 3 ). The antenna is assembled with battery, camera, speaker, RF circuit, and touch screen LCD. The housing of the mobile is a polyvinyl chloride material (PVC) with permittivity of 2.8 and loss tangent of 0.019 where the total dimensions of the mobile are 136.6 × 70.6 × 8.6 mm 3 and its wall thickness is 1 mm. The camera has a diameter of 5 mm, and 4 mm thickness. Opposite to the camera is a speaker with the dimensions of 15 mm length and 6 mm width; a battery with volume 70 × 50 × 3 mm 3 and a large touch LCD with size 110 × 60 × 2 mm 3 are connected to the main circuit board via connectors. Table 3 shows the characteristics of the mobile parts. CTIA has proposed several body test cases for a mobile phone as shown in Figure 8 , namely, mobile handset in free space, browsing mode, talking position, and talking position with hand [9] . Figure 9 shows the return loss of the antenna in the 4 different cases. The primary effect of the hand and head has little shift and degradation in the impedance matching. However, the impedance matching over the operating bands is still acceptable for practical applications of the mobile phone.
SAR Calculation
As the use of the mobile phone is increased, the research on the health risk due to the electromagnetic (EM) fields generated from wireless terminals is widely in progress. Many factors may affect the EM interaction while using cellular handset in close proximity to head and hand. One of the most widely used parameters for the evaluation of exposure is SAR, specific absorption rate. Therefore, some regulations and standards have been issued to limit the radiation exposure from the mobile handsets not only to decrease the SAR but also to increase the antenna systems efficiency. The SAR limit specified in IEEE C95. has been updated to 2 W/kg over any 10 g of tissue [10] , which is comparable to the limit specified in the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines [11] . In this paper, The SAR calculations on human head model are done in the presence of the antenna in the ZY plane as shown in Figure 10 . The SAR is tested at 0.7, 0.9, 1.8, and 2.1 GHz when the antenna is close to the human head and the output power of the cellular phone is set to 500 mW. The SAR calculations are done using the CST 2012 commercial package with Hugo model CST Microwave Studio [12] ; the tissues that are contained have relative permittivities and conductivities, according to [13] . The tissues frequency dispersive properties are taken into consideration. Table 4 shows the maximum SAR at the aforementioned operating frequencies when the antenna is close to the body; the radiation efficiency and 11 are also shown in Table 3 in free space and with human model.
Conclusion
A new compact planar antenna design that supports all of the operating mobile services, ISM applications, and wireless communication services is introduced. The SAR values of the antenna satisfy the standard safety guidelines. The antenna has more compact size when compared to other published antennas. The antenna was simulated using the CST simulator and fabricated using the photolithographic technique. Very good agreement is obtained between the simulated and the experimental results.
